1. Angiogenesis in Cancer {#sec1}
=========================

Angiogenesis is one of the oldest hallmarks of cancer. In the mid-twentieth century, the discovery of the highly vascular networks in solid tumors allowed a better understanding of tumor microcirculation. Over the last decades this fascinating feature has satisfied the pressing need for the oncology community in defining novel targets. More selective therapies were developed based on the better understood biologic features of the tumor. The class of antiangiogenic agents, the largest among targeted therapies, has been constantly growing as well as its approved indications ([Table 1](#tab1){ref-type="table"}). In this review, we survey the earliest models of angiogenesis in the light of clinical experience with antiangiogenic agents. We explore the role of hypoxia in inducing an aggressive pattern in the tumor cell and acquisition of stem cell features. Finally we shed light on the recent findings of vascular mimicry structures and erythrocytes generation by pluripotent cancer stem cells.

2. Sprouting Angiogenesis: The Classical Model of Angiogenesis {#sec2}
==============================================================

In 1977, Folkman and Ausprunk proposed a model for sprouting of new vessels from preexisting vasculature. In sprouting angiogenesis, endothelial cells redefine their role and assume a new configuration to maintain the perfusion of the growing tumor. Factors released by tumor cells, such as vascular endothelial growth factor (VEGF), follicular growth factor (FGF), platelet derived growth factor (PDGF), stimulate a cascade of endothelial changes leading to de novo vessel formation \[[@B1]\]. The whole process starts by the disintegration of the basement membrane followed by the loosening of the intercellular junctions that link endothelial cells \[[@B2]\]. Once free, the endothelial cells rearrange and polarize to invade the surrounding extracellular matrix and finally seal gaps and produce a basement membrane lining the growing vessel. Angiogenesis is regulated by a wide array of receptors and ligands participating all together in an organized crosstalk \[[@B1], [@B3]\]. The family of VEGF and its receptors VEGFRs has been recognized as the power horse driving de novo vessel formation \[[@B1]\]. VEGF-A and its receptor VEGFR-2 are of particular importance \[[@B4]--[@B7]\]. The activation of the VEGFR is translated by the dimerization of the tyrosine kinase domains and the triggering of intracellular signaling cascades ending by endothelial proliferation and budding of new vessels \[[@B8]\].

3. Alternative Models of Endothelium-Dependent Microcirculation {#sec3}
===============================================================

Clinical experience with VEGF targeting therapies unveiled the caveats in the conventional model of angiogenesis in cancer. A telltale story is the short-term improvement in the progression free survival with the use of bevacizumab, a monoclonal antibody blocking VEGF-A, in breast cancer followed by rebound aggressiveness and metastasis shortening the overall survival \[[@B9], [@B10]\]. Poor clinical response with antiangiogenic therapy invited a reconsideration of alternative models of tumor microcirculation. In mice inoculated with cancer cells, short-term treatment with a multireceptor tryosine kinase inhibitor resulted in metastatic conditioning with accelerated metastasis and death of the mice \[[@B11]\]. In glioblastoma and pancreatic neuroendocrine tumor models, Pàez-Ribes et al. observed that pharmacological or genetic silencing of VEGF-A surprisingly translated into a higher invasion and distant metastasis \[[@B12]\]. Interestingly enough, the relapsing tumor was hypoxic and devoid of vasculature. This association between hypoxia and a more aggressive behavior corroborates a series of clinical and experimental studies \[[@B13]--[@B16]\]. Hypoxia involves a cascade of molecular and phenotypic changes in the tumor cell enhancing its ability to grow, invade, and metastasize. These changes can evoke endothelium dependent models such as vessel cooption and intussusception.

3.1. Vessel Cooption {#sec3.1}
--------------------

Vessel cooption is one the earliest mechanisms giving tumor cells access to nutrients and oxygen from the intravascular space. Driven by low oxygen tension, tumor cells abut the walls of existing vessels as preliminary step before forming a new full-blown vasculature \[[@B17]\]. Densely vascularized organs such as lung, liver, and brain provide an excellent niche for tumor cells to hijack preexisting vessels and form solitary metastases \[[@B18], [@B19]\]. Vessel cooption is one of the mechanisms of acquired resistance to antiangiogenic therapy. Treatment of brain metastases with ZD6474, an antiangiogenic agent, was shown to induce a marked rise in vessel cooption \[[@B20]\]. In patients with renal cell carcinoma, treatment with Sunitinib was associated with extensive necrosis at the tumor center in contrast to the rim highly rich with viable tumor cells \[[@B21], [@B22]\]. Deregulation in cellular energetic is essential feature of the coopting tumor cells \[[@B23]\]. In vessel cooption, tumor cells highly depend on an active mitochondrial metabolism, protein synthesis, and cell cycle. On the opposite side, angiogenic tumors are highly dependent on remodeling of the microenvironment as reflected by the elevated expression of membrane vesicles, integrins, and growth factors \[[@B23]\]. Vessel cooption can also account for the differential response to antiangiogenic therapy among different tumors. Liver metastases from breast cancer origin have been shown to depend more on cooption of the liver vasculature than those from colorectal origin \[[@B24]\]. The latter finding can account for the higher efficacy of VEGF targeting therapy in metastatic colorectal cancer compared to metastatic breast cancer.

3.2. Intussusception {#sec3.2}
--------------------

Intussusception is another adaptive response of the tumor cells to stress and hypoxia. First observed in neonatal rat lungs in 1986, and in colon cancer in 1996, intussusceptive vessel growth results from change in shear stress and remodeling of the vascular network \[[@B25], [@B26]\]. Switch from sprouting angiogenesis to intussusceptive angiogenesis is an escape strategy from radiation induced damage to the tumor vasculature \[[@B27]\]. Despite exposure to antiangiogenic therapy and subsequent significant decrease in microvascular density, mammary carcinoma had a rapid recovery post treatment cessation, in virtue of intussusceptive pruning. Intussusceptive vessel growth involves bilateral centripetal protrusion of opposite endothelial cells lining the vessel wall \[[@B28]\]. Once in contact, the opposite vessel walls fuse and tiny apertures in endothelial lining of the vessel walls form, ultimately leading to the splitting of the two newly formed vessels \[[@B28], [@B29]\]. In contrast to sprouting angiogenesis, splitting angiogenesis is an energy conserving mechanism as it does not dependent on a high rate of proliferation or on basement membrane degradation and invasion, therefore saving energy and permitting survival of the tumor despite hypoxia and stress \[[@B25], [@B28], [@B30], [@B31]\].

4. Epithelial Mesenchymal Transition and Underlying Molecular Pathways {#sec4}
======================================================================

Besides the remodeling in vascular network, the tumor cell can undergo radical morphological and functional changes to survive hypoxia and stress. The epithelial mesenchymal transition (EMT) is a biological model that accounts for tumor cell adaptation to hypoxia in an endothelium-independent manner \[[@B32]\]. EMT involves a cascade of changes at different levels including rearrangement of markers from cell surface to nucleus, cytoskeleton remodeling, and acquisition of mesenchymal identity \[[@B33]\]. The cell gradually loses the epithelial tags. \[[@B34]\]. The intracellular scaffold undergoes also a radical transformation as its constituents change from actin microfilaments to vimentin and its polarity from well-defined apicobasal to a new flexible geometry more commensurate with the new invasive identity. Also, the production of matrix metalloproteinases (MMPs) is increased, and the extracellular matrix (ECM) production line shifts from the basement membrane towards interstitial filaments \[[@B35], [@B36]\]. EMT changes ultimately lead to the cell acquisition of stem cell properties conferring survival advantage to the transforming cell. EMT depends on a range of molecular pathways involved in early morphogenesis and accounts for resistance to chemotherapy including NF-*κ*B, PI3 K/Akt/mTOR, Notch, Wnt/*β*-catenin, and Hedgehog signaling \[[@B33]\].

4.1. Nuclear Factor Kappa B (NF-*κ*B) {#sec4.1}
-------------------------------------

The NF-*κ*B pathway is one of the pathways most intimately linked to the tumorigenesis and survival in hypoxia \[[@B37]\]. The NF-*κ*B is located the cytoplasm as an inactive heterodimeric protein that gets activated and releases its subunits to the nuclear compartments where they upregulate the expression of many oncogenic proteins \[[@B38]\]. Hypoxia promotes the phosphorylation and degradation of the inhibitor of kappa B (I*κ*Ba), thus leading to activation of NF-*κ*B and subsequent transition to a mesenchymal phenotype \[[@B39], [@B40]\]. In pancreatic cancer cell lines, hypoxia was shown to induce the acquisition of mesenchymal properties by epithelial cells through the production of HIF-alpha \[[@B41]\]. Upon inhibition of NF-*κ*B, a regression was observed in the aggression induced by hypoxia exposure. Even under normoxic conditions, the same pattern was reproduced indicating a critical role for NF-*κ*B in translating of HIF overexpression into phenotypical changes \[[@B41]\].

4.2. The PI3K mTOR Pathway {#sec4.2}
--------------------------

The PI3K/Akt/mTOR axis also regulates hypoxia induced EMT. Blockade of PI3K pathway in hepatocellular carcinoma (HCC) abrogated all the EMT changes induced by hypoxia \[[@B42]\]. The same pattern was reproduced in prostate and ovarian cancer cell lines where the addition of PI3K inhibitor abolished the HIF-1 *α* activation of Smad2/3 and Akt/GSK-3*β*, decreased the expression of Snail of transcription and translation, and prevented the decrease in E-cadherin expression and increased cell motility \[[@B43]\].

4.3. The Notch Family of Ligands {#sec4.3}
--------------------------------

Notch signaling is implicated in the cellular response to hypoxia. The Notch family is composed of four receptors and five membrane ligands. Interplay among all of these molecules results in intercellular communication through direct cell-cell contact \[[@B44]\]. Notch signaling is triggered by the binding of Notch ligand to the Notch receptor in the counterpart cell. In oral squamous cell carcinoma, Ishida, Hijioka noted the upregulation of Notch receptors, ligands, and target genes in hypoxia, the fact that translated in increased invasion and cellular motility. The expression of the epithelial marker E-cadherin, a key event in EMT, was decreased in hypoxia. Addition of Notch-specific inhibitor abrogated all the hypoxia induced cellular changes \[[@B45], [@B46]\]. In breast cancer cell lines, blockade of Notch pathway repressed the expression of Snail and Slug and decreased acquisition of mesenchymal features under hypoxia conditions \[[@B46]\].

4.4. The Wnt/*β*-Catenin Pathway {#sec4.4}
--------------------------------

The Wnt/*β*-catenin signalling system is one of the main mediators of hypoxia induced EMT changes \[[@B47]\]. The Wnt/*β*-catenin is a highly conserved signaling pathway and operates through three different pathways: the canonical pathway involved in the regulation of gene transcription and the noncanonical pathways involved in regulation of intracellular calcium and cytoskeleton \[[@B48], [@B49]\]. Overexpression of HIF-alpha in prostate cancer cell lines correlated with increased beta catenin protein expression and resulted in enhanced typical EMT changes \[[@B50]\]. In colorectal cancer, hypoxia activated *β*-catenin and Nur77 with a subsequent increase in cell invasion and migration \[[@B51]\]. In HCC, beta catenin expression was shown to be a key mediator of hypoxia induced EMT, the latter correlated in both in vitro and in vivo models \[[@B52]\]. On microarray analysis of HCC samples, beta catenin and HIF alpha were coexpressed and significantly associated with a shorter survival.

4.5. The Hedgehog Signaling Pathway {#sec4.5}
-----------------------------------

The Hedgehog (Hh) pathway also promotes EMT in response to hypoxia. Three ligands compose the family of Hh signals: the Sonic Hedgehog (Shh), the Indian Hedgehog (Ihh), and the Desert Hedgehog (Dhh) \[[@B53]\]. Pretreatment of gastric cancer cells with Shh upregulates EMT, decreases E-cadherin, and induces tumor invasiveness in vitro \[[@B54]\]. Analysis of gastric cancer tissues revealed significant correlation between Shh expression, EMT, and lymphangiogenesis \[[@B54]\]. Hypoxia effect on cell invasion was negated by antagonism of Smoothened (SMO), the cell surface receptor in Hh pathway. Lei et al. investigated the effect of inhibition of the noncanonical Hh axis on hypoxia induced EMT. The authors found that hypoxia effect on GLI1, a key transcription factor in the Hh pathway, is not restricted to SMO and involves other factors \[[@B55]\]. In a separate experiment on pancreatic ductal adenocarcinoma, Onishi et al. found that increase in cell invasiveness is affected by hypoxia stimulation of Hh axis in a process involving SMO, Gli1 \[[@B56]\].

5. Vascular Mimicry: Insight into Tumor Plasticity {#sec5}
==================================================

In 1999, the landmark work of Maniotis et al. paved the way for a novel understanding of an endothelium-independent tumor microcirculation \[[@B57]\]. Uveal melanoma cells were found to align in the form of channels gaining access to the systemic circulation by expressing the embryonic genetic repertoire. In contrast to the classical erratic growth of vessels in sprouting angiogenesis, these vascular structures are part of a highly organized network of vessels devoid of any endothelial lining \[[@B57]\]. Vasculogenic mimicry involves several signaling pathways contributing to embryonic vasculogenesis and reflecting an acquired pluripotency in melanoma cells \[[@B58]\]. Additionally, it highly depends on the elevated expression of VEGFR-2. Francescone et al. examined the knock-down of VEGFR-2 or the selective blockade of this receptor in two glioblastoma cell lines U87 and GSDC and reported the detrimental effects of these manipulations on vascular formation \[[@B59]\]. The intracellular cascades mediating proliferation and migration were also significantly affected. The same results were not replicated when using the monoclonal antibody to VEGF-A Indicating that VEGF-A independent mechanisms account for vascular formation in the glioblastoma models \[[@B59], [@B60]\]. Moreover in another study on glioblastoma cell lines done by Scully et al., vascular channels were found to selectively express platelet derived growth factor receptor (PDGFR) *β*, smooth muscle markers, and VEGFR-2 with a striking lack of expression of CD31 and VE-cadherin \[[@B60]\]. Another feature of vascular mimicry structures is the unique crosstalk exhibited with the microenvironment through upregulation of proteases such as matrix metalloproteinases (MMPs) 1, 2, 9 and MT1-MMP (MMP-14) or basement membrane proteins such as laminin 5 (Ln-5, gamma 2 chain) \[[@B61]\]. Additionally, the activation of antiapoptotic proteins was found to be essential for generation of VM structures in response to hypoxia. Indeed, Bcl-2 silencing by means of si-RNA depressed the VM response to hypoxia \[[@B62]\]. Central to the vascular mimicry formation as well is the interaction between the cell surface marker VE-cadherin and its receptor the Ephrin type-A receptor 2. The former is known as CD144 is an adhesion molecule playing a vital role for maintaining interendothelial cell contact. The latter is a transmembrane protein kinase closely related to the MAP/ERK kinase cascade. The colocalization between these two molecules on the cell surface is crucial for conductance of proper intracellular signaling in the endothelium mimicking tumor cell with all the ensuing alteration in protein synthesis necessary for fulfillment of this new task \[[@B63]\]. Ewing sarcoma cells also formed VM structures allowing perfusion of tumor cells. And hypoxia is essential in giving these tumor cells plasticity. Given the high prevalence of vascular mimicry structures in Ewing sarcoma, this disease is a prototype for studying of formation of such unique tumor based conduits and defining potential targets for therapy \[[@B64]\]. In prostate cancer, high grade tumors exhibit abundance of vascular mimicry structures, and these cells might be located even in the close vicinity of conventional endothelium-lined blood vessels \[[@B65]\]. In gliomas, the presence of vascular mimicry correlated with a worse prognosis. In fact, vascular mimicry structures allowed a better tumor perfusion even in areas with lower vessel microdensity \[[@B66]\]. In colon cancer, the presence of vasculogenic mimicry was associated with poor anatomical risk factors and a shorter survival \[[@B67]\].

6. Polyploid Giant Cancer Cells (PGCCs) and Erythrocytes Generation {#sec6}
===================================================================

An effective tumor microcirculation rests on a sustainable access to the systemic circulation and a continuous supply with red blood cells to meet the tumor needs. In contrast to tumor angiogenesis, little is known about tumor erythropoiesis. Until recently, the bone marrow has been considered the sole source for erythrocytes circulating in the tumor microenvironment. However, the immunohistochemical detection of fetal forms of hemoglobin in various solid tumors suggested the presence of an alternative origin for high affinity hemoglobin \[[@B68]\]. The tumor stroma was proposed to a potential source of erythrocytes \[[@B69]\]. The recent finding of erythrocytes generation by cancer cells under conditions of hypoxia stirred a lot of interest. In the absence of angiogenesis, cancer cells can produce erythrocytes with embryonic and fetal forms of hemoglobin that carry oxygen with high affinity \[[@B70]\]. The work of Zhang et al. has substantially contributed to the delineation of the steps underlying formation of erythrocytes from cancer cells \[[@B70]\]. Zhang et al. reported the presence of polyploid giant cancer cells (PGCCs) in cells exposed to hypoxia and stress conditions. In virtue of their pluripotency, these cells represent a salvage pathway to survive genotoxic insults \[[@B71]\].

PGCCs are a special population of human tumor cells characterized by a large cytoplasm, aneuploidy, and multiple nuclei \[[@B72]\]. PGCCs are survivors from mitotic catastrophe, whereby failure of induction of programmed cell death results in the formation of aneuploid cells \[[@B73]\]. In states of hypoxia and stress, cancer cells fuse by means of endoreduplication typical of lower eukaryotes and form giant cells with multiple copies of the genome \[[@B74]\].

The presence of aneuploid cells and PGCCs is associated with an increased risk for malignant transformation \[[@B73]\]. In different malignancies, PGCCs are a marker of increased stem cell properties, EMT, and a more aggressive biology \[[@B75]--[@B78]\].

The novel feature of erythrocytes production by PGCCs was validated in different experiments. Treatment of breast cancer cells with CoCl2, a hypoxia-mimicking agent, resulted in the selective survival of giant cancer cells similar in size to PGCCs \[[@B70]\]. After multiple rounds of exposure to hypoxia, PGCCs gave rise to spheroids expressing cancer stem cell markers. On histological examination, the newly formed spheroids shared with erythrocytes morphological features in terms of size, biconcavity, and absence of nuclei. Spheroids were positively stained for fetal and embryonic forms of hemoglobin, all consistent with a highly efficient oxygen delivery system to the growing tumor. Similarly ovarian fibroblasts cancer cell lines exposed to hypoxia produced erythrocytes with a predominance of the embryonic and fetal forms of hemoglobin. In a separate experiment, breast cancer cell lines treated with a microtubule stabilizer "paclitaxel" went into a mitotic arrest \[[@B71]\]. Subsequently, they formed PGCCs that used peculiar modes of replication to develop into a variety of stromal cells including erythroid cells, all conferring resistance to treatment with paclitaxel \[[@B71]\]. In human glioma PGCCs identified by morphological features in the tumor tissue bank were inoculated into chicken embryonating eggs. Immunohistochemical staining was performed for *β*/*γ*/*ε*/*δ* chain on red cells bodies inside PGCCs, and red cell bodies turned out to be erythrocytes \[[@B76]\]. All this evidence suggests that cancer cells can be endowed with marvelous features such as erythrocytes generation when challenged with hypoxia.

7. Future Directions {#sec7}
====================

The ability of cancer cells to form new blood vessels was a groundbreaking finding in the early seventies ([Figure 1](#fig1){ref-type="fig"}). The alternative models of angiogenesis provided explanation for the failure of antiangiogenic therapy. Subsequently, the demonstration of VM structures was another major leap in understanding the growth and survival of tumor cells in the absence of neo-vessel formation. It illustrates the tumor cell plasticity through the induction of molecular pathways involved in embryogenesis and early morphogenesis, also found in cancer stem cell formation. The most recent finding of tumor microcirculation is the erythrocytes generation by PGCCs. Erythrocytes generation by cancer stem cells will invite a lot of future research to better understand the molecular pathways underlying the genesis of tumor-derived erythrocytes and to potentially develop novel therapies targeting them.
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###### 

List of FDA approved antiangiogenic agents.

  ---------------------------------------------------------------------------------------------------------------------------------------------------
  Antiangiogenic agent   Pharmacological class                     FDA approvals
  ---------------------- ----------------------------------------- ----------------------------------------------------------------------------------
  Bevacizumab            Monoclonal antibody                       \(i\) Metastatic colorectal cancer\
                                                                   (ii) Metastatic non-small nonsquamous cell lung carcinoma\
                                                                   (iii) Renal cell carcinoma (in combination with interferon-alpha immunotherapy)\
                                                                   (iv) Glioblastoma

                                                                   

  Pazopanib              Multireceptor tyrosine kinase inhibitor   \(i\) Renal cell carcinoma\
                                                                   (ii) Soft tissue sarcoma

                                                                   

  Sunitinib              Multireceptor tyrosine kinase inhibitor   \(i\) Second line in gastrointestinal stromal tumor after imatinib exposure\
                                                                   (ii) Advanced renal cell carcinoma\
                                                                   (iii) Progressive pancreatic neuroendocrine tumors

                                                                   

  Vandetanib             Multireceptor tyrosine kinase inhibitor   Medullary thyroid carcinoma

                                                                   

  Sorafenib              Multireceptor tyrosine kinase inhibitor   \(i\) Renal cell carcinoma\
                                                                   (ii) Hepatocellular carcinoma

                                                                   

  Ziv-aflibercept        Monoclonal antibody                       Second line in metastatic colorectal cancer

                                                                   

  Ramucirumab            Monoclonal antibody                       Metastatic esophageal, gastric, or gastroesophageal junction carcinoma
  ---------------------------------------------------------------------------------------------------------------------------------------------------
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